The considerable utility of organoboranes in synthesis is firmly established, which is in a large part due to the power of the Suzuki-Miyaura cross-coupling reaction for constructing C-C bonds. Therefore, discovering simple new routes to form desirable organoboranes continues to be of significant import. Methodologies that directly transform C-H into C-B are particularly desirable, especially if borylation occurs with excellent site selectivity and without precious metal catalysts due to their low crustal abundance, high cost and toxicity. One route to achieving excellent site selectivity in C-H functionalisation is through directed metalation. This involves interaction of a Lewis basic moiety on the substrate with a metal, generally a polar organometallic (e.g., an organolithium for deprotonative metalation) or a late transition metal (e.g., an iridium complex for C-H activation). The newly formed C-M bond is then transformed into the organoborane. While these are both powerful processes, there are drawbacks associated with using precious metals (see above) and organolithium reagents (e.g., functional group limitations).
Another approach, termed directed electrophilic C-H borylation, involves only the use of a boron electrophile to achieve C-H borylation and thus represents an attractive precious-metal-free alternative. This transformation was pioneered by Dewar et al. [1] , and over the past decade has been widely applied to make boron containing organic materials using simple, commercially available electrophiles, such as BBr 3 . However, it has been limited principally to directing groups to date, such as NR 2 or N-heterocycles (e.g. pyridines) which are directing groups that cannot be readily removed. Furthermore, it has not been applied to borylate heterocycles such as indoles to the best of our knowledge, with indoles important as they are ubiquitous sub-structures in bioactive molecules.
Building on their previous work in directed metalation [2] and electrophilic C-H borylation [3] , respectively, the groups of Shi [4] and Ingleson [5] independently reported the metal-free N-acyl directed C-H borylation of a range of heteroaromatics using just BBr 3 (Figure 1 ). When this transformation was applied to indoles using N1-pivaloyl as the directing group it afforded highly useful aryl boronic acid pinacol ester products with excellent C7-selectivity postwork up. This is notable as functionalising the C7-H position in preference to the more reactive C2-H and C3-H pyrrolic positions is challenging. Directed electrophilic C7-H borylation of indoles was compatible with substituents at all other indole positions and multiple functional groups including methoxy, halides, vinyl and other heterocycles. Notably, the pivaloyl directing group could be removed readily, thus enabling three steps, C-H borylation, boronprotection and N-pivaloyl deprotection, to be performed in one-pot. Furthermore, directed borylation using just BBr 3 could be extended to functionalise other indole positions with C3-pivaloyl substituted indoles leading to selective C4-H borylation.
Acyl-directed electrophilic C-H borylation is not restricted to indoles, with carbazoles borylated, in this case with high ortho-(C1) selectivity, using BBr 3 and N-benzoyl as the directing groups. Both the Ingleson and Shi groups showed that acyl directed ortho-borylation also was applicable to anilines, with addition of BBr 3 enabling selective ortho-borylation for a wide range of N-acyl-anilines (both N-H and N-alkyl derivatives). The Shi group [4] demonstrated a particularly impressive aniline substrate scope, with ortho, meta and para substituents and many functional groups tolerated, including alkyl, aryl, ether, halides, ester, alkynyl, trifluoromethyl, cyano and other heterocycles such as thiophene. The broad scope of this reaction coupled with the utility of the aryl boronic acid pinacol ester products indicates that acyl directed electrophilic C-H borylation is a powerful synthetic tool. For example, borylation can be followed by oxidation, alkylation or azidation all without isolation of initial borylated products. Furthermore, the Shi group used this methodology to synthesise the bioactive natural products Pratosine and Hippadine via a step efficient route. Both groups performed DFT calculations to provide insight into the mechanism of directed C-H borylation. These studies (summarised in Figure 1(b) inset) indicated that complexation of the acyl directing group to BBr 3 was followed by a second equivalent of BBr 3 abstracting a bromide from the acyl-BBr 3 adduct to form a three coordinate borocation, termed a borenium cation. Borenium cations are potent boron electrophiles that have been widely used in electrophilic C-H borylation reactions [3] and these borocations are again essential for forming the key Wheland intermediate in this process (which is the highest barrier step as expected for a Friedel-Crafts type transformation). Subsequent deprotonation then affords the desired borylated product, with a closely related mechanism determined for the ortho-C-H borylation of anilines.
The simplicity of the metal-free acyl-directed electrophilic C-H borylation requiring just BBr 3 , coupled with the broad substrate scope and the considerable utility of the borylated products indicates that this process is a useful addition to the synthetic chemist's toolbox. It will be interesting to see which other (hetero)arenes acyl-directed borylation can be applied to, particularly if less activated (than indoles/anilines) π systems can be borylated using BBr 3 .
